Enabling long-range transport of molecules, tubules are critical for human body homeostasis. One fundamental question in tubule formation is how individual cells coordinate their positioning over long spatial scales, which can be as long as the sizes of tubular organs. Recent studies indicate that type I collagen (COL) is important in the development of epithelial tubules. Nevertheless, how cell-COL interactions contribute to the initiation or the maintenance of long-scale tubular patterns is unclear. Using a two-step process to quantitatively control cell-COL interaction, we show that epithelial cells developed various patterns in response to fine-tuned percentages of COL in ECM. In contrast with conventional thoughts, these patterns were initiated and maintained by traction forces created by cells but not diffusive factors secreted by cells. In particular, COL-dependent transmission of force in the ECM led to long-scale (up to 600 μm) interactions between cells. A mechanical feedback effect was encountered when cells used forces to modify cell positioning and COL distribution and orientations. Such feedback led to a bistability in the formation of linear, tubule-like patterns. Using micro-patterning technique, we further show that the stability of tubule-like patterns depended on the lengths of tubules. Our results suggest a mechanical mechanism that cells can use to initiate and maintain long-scale tubular patterns.
T o enable long-range bulk transport of liquid and gas, tubules are the most commonly used form of tissue architecture in our bodies. Examples where tubules are used include lung, mammary gland, blood vessels, salivary gland, and kidney (1) (2) (3) (4) . Tubule formation requires aligning the positions of individual cells (of size approximately 10-20 microns) over long spatial scales (from hundreds of microns to centimeters, i.e., the size of organs). Although current studies focus on how genetics and morphogens control tubule formation (5) (6) (7) (8) (9) (10) , ECM molecules are also known to be important in the patterning of tubular structures (11) (12) (13) (14) (15) . In particular, normal epithelia are surrounded by two ECM components: basement membrane (BM) and type I collagen (COL) (16, 17) , with COL fibers frequently found around epithelial tubules, e.g., the milk ducts in the mammary gland (18) . Accordingly, adding collagenase or stimulating COL expression in the ECM perturbs epithelial tubular growth (13, 19, 20) . Nevertheless, how cell-COL interactions contribute to the initiation or the maintenance of long-scale tubular patterns is unclear.
Here, we quantitatively study how cells change their morphology in response to the presence of COL in the ECM and how such morphogenetic changes lead to the formation of long-scale tubular patterns. Previous studies showed that breast epithelial cells developed long-scale tubules (length ≥ 400 μm) in COL gels (21, 22) , whereas they formed globular acini (diameter approximately 100 μm) in BM gels (23, 24) . We thus developed a two-step process to control cell-COL interactions. COL was introduced into the ECM during the development of acini. By doing so, we find that epithelial cells could develop long-scale (up to 600 μm) mechanical interactions in the presence of COL, leading to linear, tubule-like pattern formation. We then used a micro-patterning technique to quantify how cells formed and stabilized the longscale linear, tubule-like patterns.
Results
Cells Developed Direct Branching in Response to COL. To quantify the response of epithelial acini to the presence of COL in the ECM, we used a two-step approach adopted from the "on-top" assay (25) . The human mammary gland (MCF-10A) cells (24) were seeded on BM gels [i.e., the first layer of ECM (ECM1)] to form globular acini, as described in reference (25) . A layer of ECM (ECM2) containing BM and COL was then created on top of acini ( In particular, the interacting acini formed extension by branching cells to two opposite directions [ Fig. 1 B, i, Bottom (yellow and pink arrows) and iii and Movie S3]. Such extension led to the formation of long-scale, linear, and tubule-like patterns (average length: 0.5-1 mm, Fig. S1 ) that morphologically resembled those observed in tubular organs in situ (5) .
Cell motions in these three patterns were different. When acini formed isolated structures, no correlated cell motions were found between adjacent acini ( Fig. 1 B, i,trajectories and ii, Left). When acini attracted each other, their cells moved collectively to each other ( Fig. 1 B, i trajectories and ii, Center). When acini formed extension, their cells moved collectively in the same or the opposite directions (Fig. 1 B, i trajectories and ii, Right). For simplicity, we hereafter named COL-dependent, direct cell motions as "direct branching." Interestingly, we found that acini did not always develop direct branching with the nearest acinus. For example, acinus "c" in Fig. 1B , i, Middle did not attract the nearest acinus (the one right above it). Instead, acini could develop attraction with others that were 600 μm away (Fig. 1B, iv) . Such spatial scale was longer than the persistence length of COL fibers (10-20 μm) (26, 27) . We also found that direct branching did not require preformed acini but instead could occur at single cells (Fig. S2) . Moreover, direct branching depended on the initial acinus/cell density in a nonlinear manner. Only systems with acinus/cell densities above a certain level exhibited direct branching (Fig. 1B, v and Fig. S2G ). These data suggest that direct branching is a long-range (approximately 600 μm) and cell interaction-dependent (i.e., nonautonomous) process.
COL-Dependent Direct Branching Was Not Primarily Mediated by Persistent Focal Adhesion Kinase (FAK) Up-Regulation or Diffusible
Biochemical Factors Secreted by Cells. To understand how COLdependent direct branching occurred, we examined three possibilities. First, exposing cells to COL might up-regulate integrin and FAK activities. Previous studies, however, showed that normal epithelial cells in soft BM or COL gels (rigidity approximately 170 Pa) exhibited low FAK activity, as indicated by the absence of sustained, localized FAK pY397 (22, 23) . To examine whether COL-dependent direct branching involved FAK activation, we performed immuno-staining of FAK pY397 . Cells were found to exhibit diffusive rather than localized FAK pY397 in the absence or presence of direct branching (Fig. S3A) , suggesting that direct branching did not primarily involve persistent up-regulation of FAK activity.
Second, we examined whether direct branching was mediated by autocrine/paracrine-based mechanisms. If so, diffusive factors secreted by cells were expected to pass through media or ECM to influence cells at distant locations. However, establishing a liquidor solid-phase connection (i.e., through media or ECM) between branched acini/cells and unbranched acini/cells did not induce direct branching at unbranched acini / cells (SI Text, Fig. S3 B-D) , suggesting that direct branching was not primarily mediated by diffusible factors secreted by cells.
COL-Dependent Direct Branching Associated with COL Reorganization
and Required Cell Contractility. We next examined the third possibility: whether COL-dependent direct branching resulted from the inhomogeneity of COL in ECM2. COL fibers produce second harmonic generation (SHG), an optical signal that can be detected by ultrafast two-photon microscopy (28, 29) . Because ECM2 was created by the self-assembly of BM and COL molecules, we expected a random distribution of initial orientations of COL fibers in ECM2. This was confirmed by SHG imaging (Fig. S4) . After acini were overlaid by ECM2 for 1 d, however, local deformation of ECM was found between interacting acini [ Fig. 2A , Top (black arrowheads)]. Such deformation correlated with the orientation of direct branching (Fig. 2 A, Middle and Bottom).
To see if COL was reorganized with ECM deformation, a small amount (∼5% of total COL) of FITC-conjugated COL (FITC-COL) was introduced into ECM2. Following the formation of direct branching, FITC-COL condensation and realignment was found around and away from branched cells (Fig. 2B) . Interestingly, the spatial scale of COL condensation and realignment was much longer (>400 μm) (Fig. 2B ) than the persistent length of COL fibers. Such spatial scale was compatible with the lengths of the linear tubule-like patterns (Fig. S1 ) and the range within which acini attracted each other (Fig. 1B, iv) . Moreover, COL condensation and realignment was not found in cell-free systems or in systems treated with Rho-associated kinase (ROCK) inhibitor (Y27632, 10 μM), suggesting that COL condensation and realignment required cell contractility.
To see if cell contractility was also required for direct branching, cells were treated with ROCK inhibitor before or after the formation of direct branching. Fig. 2C shows that inhibiting ROCK prevented the formation of direct branching and caused the disruption of branches. Similar results were found by treating cells with myosin inhibitor (blebbistatin, 10 μM). Thus, both the induction and the maintenance of COL-dependent direct branching required cell contractility.
COL Mediated a Nondispersed Transmission of Traction Force in Direct
Branching. The major event in direct branching was cell motion (Fig. 1B, i) , which created traction force at the ECM. The requirement of cell contractility in COL condensation and realign- ment suggests that such process was likely to be mediated by traction force. To see if cell motion and COL reorganization/ECM deformation mutually affected each other, we developed a geometrical assay to compute their correlations. In direct branching, we noted that cells primarily moved along the line between two interacting acini ( With COL in ECM2, the motions of beads were found primarily confined in the central region ( (Fig. 3B , ii).
To confirm that the patterns of bead motions reflected the displacement of COL fibers, fluorescent beads directly labeled on COL fibers through anti-COL antibody were used (see SI Text). The results revealed similar correlations between cell motions and bead movements (Fig. S5B ). On the other hand, the motions of beads were found neither confined in the central region nor correlated with cell motions in the absence of COL in ECM2 (Fig. 3B, iii) . The absence of correlations was also found in heat-denatured or chemically cross-linked COL gels. These data suggest that native COL fibers can mediate a nondispersed transmission (i.e., confined in the central region) of traction forces between interacting acini/cells. which in turn affected cell motions and repositioned cells. The aligned COL fibers and repositioned cells then formed the longscale linear patterns. To see if cell repositioning was required for the formation of long-scale (>1 mm) linear patterns, we used a micro-patterning technique to limit cell repositioning. Circular traps were created in agarose gels to partition cells into equally separated clusters, followed by the overlay of ECM2 (Fig. 4A) . We then tracked the development of long-scale linear patterns by measuring the maximal length (Λ) of linear structures, which were defined if all clusters in the structures developed branches in the same orientation.
The micro-patterning technique allowed us to control the initial distance between clusters (λ) and [COL] (Fig. 4B, i) . Otherwise, we expected to see long-scale linear patterns under certain initial conditions. For example, cells might use mechanisms such as lateral suppression/inhibition to develop linear patterns, i.e., the formation of branching in one orientation suppresses branching in other orientations (Fig. 4B, ii) , which does not require repositioning cells.
The experimental results supported the cell repositioning model. Specifically, we found that clusters could develop branching with each other but hardly move the entire clusters out of the trap within 36 h of ECM2 overlay. Within this period of time, three patterns were observed. These included "no-branching" (defined if the number of branches of individual clusters ðN b Þ ¼ 0, Fig. 4C , Left), direct branching (Fig. 4C, Center) , and "randombranching" patterns ( Fig. 4C , Right; more examples can be found in Movies S4-S7). The no-branching pattern occurred when λ > 600 μm and the random-branching pattern appeared if λ ≤ 600 μm and ½COL ≥ 0.5 mg∕mL (Fig. 4D, Left) . The absence of branching at λ > 600 μm was consistent with the observation that acini separated by a distance < 600 μm could interact with each other (Fig. 1B, v) . No long-scale linear structures (defined as Λ ≥ 1 mm) weres observed in all tested conditions [λ ¼ 200-1;000 μm and ½COL ¼ 0-1 mg∕mL, (Fig. 4D , Center and Right)]. Thus, cell repositioning was required for long-scale linear pattern formation.
The Stability of Linear Patterns Depended on Their Lengths. We next examined how the stability of linear patterns depended on their lengths. For a fixed cell density, we defined the lengths of linear patterns by the range of cells that were associated with COL fibers in a specific orientation. To determine how the length of linear patterns affected their stabilities, we created linear cell-COL structures of various lengths. Rectangular traps were generated in agarose gels, followed by a sparse seeding of cell in the traps (to allow for cell repositioning) and the overlay of COLcontaining ECM2 (Fig. 5A) . The spatial anisotropy of the trap allowed cells and COL fibers to form linear patterns of various lengths. For example, COL fibers and cells along the long axis of the trap [ Fig. 5B (blue line and red circles) ] could form longer structures than those along the short axis [ Fig. 5B (green line  and green circles) ]. If the stability of linear patterns did not depend on their lengths, we expected no difference of outcomes between structures along the short and the long axes (Fig. 5B) .
For simplicity, we fixed the horizontal width of the traps (L x ) at 200 μm and varied the vertical height (L y 0 ≥ 200 μm) of the traps. Stable linear patterns along the long axis were observed only if L y > 1;000 μm. For L y < 1;000 μm, cells predominately (>99%) coalesced into globular aggregates (Fig. 5 C, D , and F and Fig. S6B ). For L y > 1;000 μm, cells formed linear structures along the long axis [over 24 h (Fig. 5 E and F and Fig. S6B) ] with the stability slightly increasing with L y . These data suggest that the formation of linear patterns was bistable and depended on the lengths of linear patterns.
COL-Dependent Direct Branching Required PI3K/Rac1 and Exhibited
Evidence of Mechano-Transduction. Previous studies showed that branching morphogenesis of tubular tissues can be modulated by inhibitory morphogens such as TGFβ1 (30) and stimulatory morphogens such as hepatic growth factor (HGF) and EGF. In particular, EGF up-regulates PI3K, Rac1, and ERK1 activities, which are known to be involved in cell motion and proliferation (31, 32) . We showed that COL-dependent direct branching was not primarily mediated by diffusion of chemical factors in the media or ECM (Fig. S3 B-D) . To further see if cells used local gradients of known morphogens such as TGFβ1 and EGF to control direct branching, we treated cells with a homogeneous stimulation of TGFβ1/EGF before or after the formation of direct branching (SI Text). If direct branching required local gradients of TGFβ1/EGF, treating cells with a homogeneous stimulation of these molecules could interfere with the initiation or the maintenance of direct branching.
We found that treating cells with TGFβ1 did not significantly suppress direct branching, whereas treating cells with EGF slightly enhanced direct branching (Fig. 6A) . The enhancement by EGF was not mediated by the mitogenic effect through ERK1 but instead through PI3K/Rac1, because inhibiting ERK1 did not disable direct branching while inhibiting PI3K or Rac1 significantly suppressed the initiation and the maintenance of direct branching (Fig. 6A) . Nevertheless, the ability of cells to form direct branching and linear patterns was not destroyed by the treatment of EGF. Despite the lack of evidence showing the involvement of diffusive factors in COL-dependent direct branching, we wondered if the output of traction force along aligned COL fibers could function as a "mechanical factor" to stimulate cells through a process known as mechano-transduction (33) . Mechano-transduction involves many cell signaling events such as the translocation of Yes-associated protein (YAP) from cell cytoplasm to nucleus (34) . We thus measured the ratios of immuno-stained YAP at cell nucleus and cytoplasm in the absence or presence of COL in ECM2. Nuclear translocation of YAP with a dose dependence on [COL] was observed (Fig. 6B) . Such translocation required cell contractility because it was not observed when cells were treated with myosin inhibitor (blebbistatin, 10 μM). Nevertheless, YAP activation might not be crucial for COL-dependent direct branching, because we found that both YAP-overexpressing MCF-10A cells and YAP-KO MCF-10A cells exhibited similar morphogenetic response to COL as normal MCF-10A cells.
Discussion
To make decisions, biological systems often use genetic circuits or chemical signaling to form feedback loops. Here, we find evidence for a mechanical feedback loop by which cells and COL can use nondispersed transmission of force to initiate and maintain long-scale linear patterns. We show that such pattern formation is primarily mediated by force, rather than known diffusive morphogens. Fig. 6C summarizes our findings. First, we find that cells use traction force to condense/align COL fibers, which in turn influence cell motions and cell positioning. Such cell-COL interactions lead to a positive feedback loop. With a sufficient density of cells, the initial symmetry of the COL distribution and orientations can be broken, leading to the formation of high/low [COL] regions (Fig. 6C, Left) . Second, we find that cells preferentially develop linear extension in ECM with high [COL], whereas they form pairwise attraction in ECM with low [COL] . Such spatial organization of the force can reposition cells to the COL condensed area, facilitating the formation of linear patterns (Fig. 6C, Center) . Indeed, we show that the ability to reposition cells is required for the formation of long-scale linear patterns. Third, we find that the stability of linear pattern increases with its length. Such length dependence facilitates the extension of linear pattern (i.e., rich get richer, Fig. 6C, Right) . We also find evidence of traction force-induced mechano-transduction, which can further stabilize the feedback loop by restricting cell activations along the principal axis of the linear pattern. Taken together, our findings indicate a mechanical feedback that cells can use to break symmetry and form long-scale linear (i.e., tubule-like) patterns.
There are several possible hypotheses for the length-dependent stability of linear patterns. For example, the longer the linear structure, the higher the probability that individual cells create force within the structure. Likewise, forces created by individual cells can be added and transmitted over a long distance along the aligned COL fibers; thus, the longer the structure, the more force can be created and transmitted within the structure. Because force is required for the maintenance of linear patterns, both hypotheses explain why the stability of linear pattern increases with its length. These hypotheses can be investigated in the future with models of the intercellular mechanics.
We have presented evidence showing the lack of direct involvement of diffusive factors in our system. However, the measured, traction force-induced mechano-activation can be considered as an alternative means for the creation of chemical gradients. Indeed, cells can use force to reposition themselves into linear structures first, followed by laying down chemical gradients for the detailed future development of the tubular structures. Such an orchestral process can make the patterning of tubular organs more efficient. Thus, we expect that the situation in vivo involves a combination of chemical and mechanical interactions (see below).
Nonautonomousness in Branching Initiation. We next compare our findings with current concept of tubular pattern formation. We find that through COL, branching is induced and directed between acini, rather than spontaneously arising at individual acini. This nonautonomous behavior is different from what is observed in chemical-induced branching, i.e., individual acini form branching in direct response to morphogens (35, 36) . Nonautonomous behavior has also been observed in autocrine-regulated branching processes, where individual cells secrete inhibitory morphogens (such as TGF-β) to suppress branching at each other (37) . In this study, however, we find that direct branching is unlikely to be induced by secreted biochemical factors.
Mechanical Force in Branching Initiation and Pattern Formation. We find that COL-dependent branching can be initiated by mechanical interactions between acini/cells. Such mechanical interactions appear to determine the sites of branches and create spatial anisotropy dictating the orientation of branches. This mechanism is quite different from current models where branching is induced by diffusible, biochemical factors (35, 38) . Spatial inhomogeneity of mechanical stress has been reported in engineered tubule-like structures, where the mechanical inhomogeneity is correlated with the sites of branches (39) . Such spatial inhomogeneity, however, was externally determined by the engineered shape of tubule-like structures (39) . By contrast, the spatial anisotropy found in this study can spontaneously emerge in an initially homogeneous environment, leading to long-scale linear pattern formation.
Spatial Scales of COL-Dependent mMechanical Interaction. One striking observation in this study is the spatial scale of COL-dependent cell-cell interaction, which is far longer than the persistence length of COL fibers. One hypothesis is that such a long scale results from the condensation and alignment of COL fibers, which is mediated by cell motions and the maximal force acini can create in our setup. The alignment of COL fibers reduces the dissipation / dispersion of force. On the other hand, the diameter of acini was found approximately 50-200 μm (even after long-term culture), and the motions of individual cells in acini were not correlated. These two factors limit the maximal force the acini can create before the onset of direct branching. In this study, we find that direct branching results from mechanical interactions between acini and requires the initial acinus density above a certain level. We therefore argue that a minimal force is required to activate cells, hence limiting the range whereby direct branching can occur. Future work is required to verify the proposed hypothesis.
Mechano-Chemical Coupling in Tubular Pattern Formation. Here, instead of known morphogens such as TGFβ1 and EGF, we find that ROCK, PI3K, and Rac1 play primary roles in the initiation and the maintenance of linear/tubular pattern formation. Because cell repositioning is required for the formation of long-scale linear patterns, we hypothesize that the effect of PI3K/Rac1 inhibition mainly results from disabling cell protrusion, an essential element in cell motion. Cell protrusion often requires actin filament polymerization (40) , which is primarily regulated by Rho GTPases such as Rac1, and their upstream regulators such as PI3K (31, 32) .
Nevertheless, we do not think that mechanical force alone can generate and maintain the patterning process under most conditions. To form a positive feedback, amplification processes are often required. In this study, we do not have any explicit evidence showing where such amplifications occur. One potential model is via the traction force-induced mechano-transduction, possibly leading to regulation by extracellular biochemical factors. Our view on the mechanical force-based patterning process is that the transmission of force via the ECM enables the long-range delivery of messages created by individual cells without much dissipation, whereas biochemical pathways are required to receive, create, and amplify the messages.
The precise mechanism orchestrating tubule formation in vivo is still unknown. Using animal models and 3D cultures, it was shown that soluble factors, stromal cells, and ECM all participate coordinately in tubule formation. As we have already discussed, there are many ways that mechanical interactions can be combined with chemical-based patterning processes. For example, cells can use the diffusion of morphogens such as TGFβ to locally regulate branching sites, while using mechanical interactions to align branches at large spatial scales. Furthermore, TGFβ stimulation is known to enhance COL expression, and the aligned fibrillar form of COL can inhibit cell proliferation through activating discoidin domain receptor (19, 41) . These observations provide evidence of couplings among mechanical interaction, biochemical signaling, and cell fate. Taken together, our findings and previous data argue that both biochemical and biomechanical signals mediate the interaction among cells and matrix components and are critical for robust tubular pattern formation.
Methods
Cell Culture and Cell Line Preparation. To visualize cell motion and organization in the 3D environment, MCF-10A cells were engineered to express CFP-conjugated histone H2B (H2B-cerulean) in the nucleus and mCherry throughout the whole cell. See SI Text for more details.
Reagents, Immuno-Staining, and Microscopy. See SI Text for details.
Two-
Step ECM Construction, ECM Rigidity Measurement, and Acinar/Cell Density Measurement. Collagen and basement membrane gels were prepared and mixed using Cultrex 3-D Culture Matrix, Rat Collagen I (R&D), and BD Matrigel [basement membrane matrix, growth factor reduced (GFR), phenol redfree, BD Biosciences]. Following the measurement by Paszek et al. (23) , the amounts of BM and COL in ECM2 were carefully adjusted to match the rigidity of ECM2 with ECM1 (170 AE 40 Pa) whereas COL concentrations in ECM2 were ranged from 0 to 1 mg∕mL. The goal was to maintain constant rigidity of ECM such that the observed cellular responses were not induced by ECM rigidity change. See SI Text for details. To measure the initial seeding cell den-sity or the acinus density before the creation of ECM2, samples were imaged and scanned by bright field microscope equipped with a motorized stage. The image data were collected to compute the densities.
The Involvement of Cell Contractility in COL-Dependent Direct Branching. To examine if cell contractility is essential in the induction of direct branching, cells were spread on BM gels (ECM1) for 72 h to form acini, followed by the gelification of ECM2 (½COL ¼ 0.5 mg∕mL) in serum-free, growth-factor-free medium (to minimize interference from other known biochemical stimulations) containing ROCK inhibitor (Y27632, 10 μM). After 24 h, the frequency of direct branching at individual acini was measured. To examine if cell contractility is required in the maintenance of direct branching, acini on BM gels (ECM1) were covered by ECM2 (½COL ¼ 0.5 mg∕mL) for 48 h to facilitate branching formation. The system was then perfused with serum-free, growth-factor-free medium containing 10 μM Y27632, followed by timelapse microscopy.
Micro-pattering Experiment. Circular traps were created by polydimethylsiloxane stamps in agarose gels with a fixed diameter l ¼ 200 μm and a fixed depth ¼ 100 μm. The clusters were arranged in hexagonal configurations, separated by distance λ ¼ 200-1;000 μm (Fig. 5A ). Cells were then covered by ECM2 with [COL] ranging from 0 to 1 mg∕mL. Rectangular traps were created in agarose gels with a fixed depth ¼ 100 μm and a constant separation between traps: 500 μm. See SI Text for more details.
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